The blade pitch angle has a significant influence on the aerodynamic characteristics of horizontal axis wind turbines. However, few research results have revealed its impact on the straight-bladed vertical axis wind turbine (Sb-VAWT). In this paper, wind tunnel experiments and CFD simulations were performed at the Sb-VAWT to investigate the effect of different blade pitch angles on the pressure distribution on the blade surface, the torque coefficient, and the power coefficient. In this study, the airfoil type was NACA0021 with two blades. The Sb-VAWT had a rotor radius of 1.0 m with a spanwise length of 1.2 m. The simulations were based on the k-ω Shear Stress Transport (SST) turbulence model and the wind tunnel experiments were carried out using a high-speed multiport pressure device. As a result, it was found that the maximum pressure difference on the blade surface was obtained at the blade pitch angle of β = 6 • in the upstream region. However, the maximum pressure coefficient was shown at the blade pitch angle of β = 8 • in the downstream region. The torque coefficient acting on a single blade reached its maximum value at the blade pitch angle of β = 6 • . As the tip speed ratio increased, the power coefficient became higher and reached the optimum level. Subsequently, further increase of the tip speed ratio only led to a quick reversion of the power coefficient. In addition, the results from CFD simulations had also a good agreement with the results from the wind tunnel experiments. As a result, the blade pitch angle did not have a significant influence on the aerodynamic characteristics of the Sb-VAWT.
Introduction
Wind power technology, which utilizes the renewable clean energy, has been regarded as an important way to alleviate the energy crisis and environmental pollution [1] [2] [3] [4] [5] . After hundreds of years, as shown in Figure 1 , there are presently two main types of wind turbines: horizontal axis wind turbines (HAWTs) and vertical axis wind turbine (VAWTs) [6, 7] . Currently, the large-type HAWT is very popular, but it is mainly installed in mountains, grasslands and oceans, where the infrastructure costs are very high. Moreover, there is an inevitable transmission loss of power because the wind turbines are far away from the power demand centers [8] [9] [10] . Straight-bladed vertical axis wind turbines (Sb-VAWTs) have been favored by global researchers due to their low production cost and insensitivity to high turbulence intensity in cities [11] [12] [13] .
turbines (Sb-VAWTs) have been favored by global researchers due to their low production cost and insensitivity to high turbulence intensity in cities [11] [12] [13] . For HAWT, the International Electrotechnical Commission (IEC) has developed a set of uniform design standards [14] . However, the research progress on VAWTs is relatively slow compared with HAWTs. Up to now, uniform worldwide design standard has not been established. For the Sb-VAWT, the blade pitch angle is one of the basic parameters [15] . It is also a factor with a direct impact on the flow field around the blade, which then affects the pressure distribution on the blade surface, which may lead to a change in the lift-to-drag ratio of the blade and power coefficient of the wind turbine [16] .
In the study of Sb-VAWT standardization, researchers have achieved remarkable results. In 2013 Conaill et al. characterized the relationship between the Sb-VAWT design parameters and the best performance based on the averaged moment values [17] . It was found that the lift-to-drag ratio had an effect on the rotating rotor speed of the Sb-VAWT and the peak value of the power output coefficient. As the rotating rotor speed of the Sb-VAWT gets faster, the lift-to-drag ratio increased. Maeda et al. [18] in 2013 studied the effect of the rotor angular frequency of the Sb-VAWT on the pressure distribution acting on the blade surface by using a high-speed multiport pressure device and a torque meter. This experiment revealed that the tip speed ratio increased with the increase of the pressure difference on the blade surface. Based on this experiment, Li et al. [19] in 2015 further investigated the influence of the number of blades on the aerodynamic characteristics of the Sb-VAWT via a torque meter. The results of this experiment showed that the peak value of the power coefficient of the Sb-VAWT decreased with the increase of the number of blades. Sun et al. [20] in 2016 and Battisti et al. [21] in 2016 also obtained a similar conclusion by conducting wind tunnel experiments and CFD simulations. Abu-El-Yazied et al. [22] performed in 2015 CFD simulations to verify the conclusions, and analyzed the influence of various lengths of blade chords on the power coefficient of the SB-VAWT. They found that the power coefficient decreased with the increase of the chord length.
In order to analyze the effect of blade solidity on the power coefficient of the Sb-VAWT, Roh and Kang et al. [23] in 2013 investigated the aerodynamic characteristics of the NACA0015 airfoil at the Reynolds number of Re = 3.6 × 10 5 in reference to the multiple streamtube model. When the blade solidities were 0.251, 0.333, 0.417, and 0.500, the maximum values of the power coefficient of the wind turbine were around 0.48, 0.47, 0.40, and 0.27, respectively. Li et al. also verified this conclusion via wind tunnel experiments [24] and the panel method [25] , from which the maximum value of power coefficient decreased with the increase of the blade solidity.
Islam et al. [26] in 2007 evaluated the effects of the NACA0012, NACA0022, NACA5522 and LS0421 airfoils on the power coefficient of the Sb-VAWT via CFD simulations. The results showed that the power coefficient of the high-thickness NACA00XX was higher than that of the low-thickness NACA00XX, and the total output power of the symmetrical airfoil was higher than that of the asymmetric airfoil. Danao et al. [27] in 2012, concluded that the NACA0012 was the optimal airfoil of For HAWT, the International Electrotechnical Commission (IEC) has developed a set of uniform design standards [14] . However, the research progress on VAWTs is relatively slow compared with HAWTs. Up to now, uniform worldwide design standard has not been established. For the Sb-VAWT, the blade pitch angle is one of the basic parameters [15] . It is also a factor with a direct impact on the flow field around the blade, which then affects the pressure distribution on the blade surface, which may lead to a change in the lift-to-drag ratio of the blade and power coefficient of the wind turbine [16] .
In order to analyze the effect of blade solidity on the power coefficient of the Sb-VAWT, Roh and Kang et al. [23] in 2013 investigated the aerodynamic characteristics of the NACA0015 airfoil at the Reynolds number of R e = 3.6 × 10 5 in reference to the multiple streamtube model. When the blade solidities were 0.251, 0.333, 0.417, and 0.500, the maximum values of the power coefficient of the wind turbine were around 0.48, 0.47, 0.40, and 0.27, respectively. Li et al. also verified this conclusion via wind tunnel experiments [24] and the panel method [25] , from which the maximum value of power coefficient decreased with the increase of the blade solidity.
Islam et al. [26] in 2007 evaluated the effects of the NACA0012, NACA0022, NACA5522 and LS0421 airfoils on the power coefficient of the Sb-VAWT via CFD simulations. The results showed that the power coefficient of the high-thickness NACA00XX was higher than that of the low-thickness NACA00XX, and the total output power of the symmetrical airfoil was higher than that of the asymmetric airfoil. Danao et al. [27] in 2012, concluded that the NACA0012 was the optimal airfoil of the Sb-VAWT [27] . Iida et al. [28] in 2003, Claessens et al. [29] in 2006, and Armstrong et al. [30] in 2011 used wind tunnel experiments and CFD simulations to analyze the influence of the Reynolds number on the energy conversion of the Sb-VAWT. Their studies found that with the increase of Reynolds number, the wind energy utilization of the Sb-VAWT increased and the optimal tip speed ratio decreased.
In summary, the current research on design parameters such as rotor diameter, airfoil, the number of blade, blade solidity, etc. has achieved significant results. However, studies on the blade pitch angle of the Sb-VAWT by using CFD simulations and wind tunnel experiments are few. Therefore, the objectives of this research are to clarify the influence of the blade pitch angle on the aerodynamic characteristics of the Sb-VAWT and look for the optimal blade pitch angle by using CFD simulations and wind tunnel experiments. In order to investigate in detail the aerodynamic characteristics of the Sb-VAWT at different blade pitch angles, pressure distribution on blade surface, torque coefficient, and power coefficient will be analyzed.
The outline of the following work is shown as follows: Firstly, the pressure distributions at the blade pitch angles of β = 4 • , 6 • , and 8 • are compared and analyzed in order to investigate the effect of blade pitch angle on aerodynamic characteristics of the Sb-VAWT. Secondly, the torque coefficients acting on the single blade are discussed at the blade pitch angles of β = 4 • , 6 • , and 8 • . Besides, the torque coefficients acting on the single blade calculated by CFD simulations are compared with high-speed multiport pressure device at the blade pitch angle of β = 6 • . Finally, the optimal blade pitch angle is studied from the aspect of the power coefficient of wind turbine. The power coefficients of wind turbine are compared with torque meter in wind tunnel experiments and CFD simulations, respectively.
Theories and Methods

Theories
In order to study the effect of the blade pitch angle of the Sb-VAWT on the power coefficient, the mathematical model of aerodynamics should be analyzed. As shown in Figure 2 , the dotted circle is the rotating shaft of the rotor and θ is the azimuth angle. The direction of the mainstream wind velocity U 0 flows from left to right and the rotating direction of the rotor is clockwise viewed from topside of wind turbine. V and W are the tangential velocity of the blade and the resultant flow velocity to blade, respectively. The resultant flow velocity to blade W is expressed with the tangential velocity V and the mainstream wind velocity U 0 as:
The blade angle of attack α is the angle between the resultant flow velocity to blade and the blade chord. The blade pitch angle β is the angle between the tangential velocity V of the blade and the blade chord. ϕ is the angle between the resultant flow velocity to blade W and the tangential velocity V, which can be expressed as:
P is the pressure acting on the blade surface and it is perpendicular to the blade surface. The pressure coefficient acting on the blade surface C p is expressed as:
where, ρ represents the air density. Tangential force can be obtained from the following expression:
where, F l is the lifting force of the blade and its direction is perpendicular to the blade chord. F d is the drag force of the blade and its direction is parallel to the blade chord. The torque of the single blade Q is generated by the tangential force of the blade. Therefore, Q can be expressed with the tangential force F T as:
Hence, the torque coefficient C Q is defined as:
where, N and R 0 represent the number of blades and the rotor radius. D and H represent the rotor diameter and the Spanwise length, respectively. According to the rotor torque, the power coefficient C Power can be determined by the following equation:
where, ω is the angular frequency of the rotor. The torque of the single blade Q is generated by the tangential force of the blade. Therefore, Q can be expressed with the tangential force FT as:
Hence, the torque coefficient CQ is defined as:
where, N and R0 represent the number of blades and the rotor radius. D and H represent the rotor diameter and the Spanwise length, respectively. According to the rotor torque, the power coefficient CPower can be determined by the following equation:
where, ω is the angular frequency of the rotor. 
Methods
In this paper, the influence of the blade pitch angle on the aerodynamic characteristics of the Sb-VAWT is investigated by using CFD simulations. The aerodynamic characteristics of the Sb-VAWT include the pressure distribution, the torque coefficient and the power coefficient. The CFD simulations are performed in the three-dimensional numerical model; it adopts sliding mesh technology, k-ω Shear Stress Transport (SST) turbulence model and the SAMPLE iterative algorithm for numerical calculation. The sliding mesh technique is commonly used in CFD simulations for simulating the aerodynamic characteristics of the Sb-VAWT. According to reference [31] , the CFD simulations of the Sb-VAWT can obtain a high computational accuracy under the constant speed of the rotor. As can be seen from reference [32] , the k-ω SST turbulence model combines the advantages of the standard k-ω and the standard k-ε turbulence models, and it includes the modified turbulent viscosity formula, which takes into account the effect of turbulence shear stress, being able to more accurately simulate the size of the separation point and separation zone caused by the negative pressure gradient. It also has the advantages of adaptive filtering for the boundary layer and less sensitivity to the quality of the mesh. 
In this paper, the influence of the blade pitch angle on the aerodynamic characteristics of the Sb-VAWT is investigated by using CFD simulations. The aerodynamic characteristics of the Sb-VAWT include the pressure distribution, the torque coefficient and the power coefficient. The CFD simulations are performed in the three-dimensional numerical model; it adopts sliding mesh technology, k-ω Shear Stress Transport (SST) turbulence model and the SAMPLE iterative algorithm for numerical calculation. The sliding mesh technique is commonly used in CFD simulations for simulating the aerodynamic characteristics of the Sb-VAWT. According to reference [31] , the CFD simulations of the Sb-VAWT can obtain a high computational accuracy under the constant speed of the rotor. As can be seen from reference [32] , the k-ω SST turbulence model combines the advantages of the standard k-ω and the standard k-ε turbulence models, and it includes the modified turbulent viscosity formula, which takes into account the effect of turbulence shear stress, being able to more accurately simulate the size of the separation point and separation zone caused by the negative pressure gradient. It also has the advantages of adaptive filtering for the boundary layer and less sensitivity to the quality of the mesh. Due to the effect of the tip vortex on the pressure distribution on the blade surface in the spanwise direction [33] , the CFD simulations used the three-dimensional numerical model to increase the accuracy of the calculation, as shown in Figure 4 . The length, width and height of the three-dimensional numerical model are L 0 = 20.0D, W 0 = 10.0D and H 0 = 1.0D, respectively. The rotor center of the Sb-VAWT is located 5D away from the inlet surface. It is located at the center position of the three-dimensional numerical model in width and height. Since the CFD simulations are based on the sliding mesh technique, the computational domain is divided into a stationary domain and a rotating domain.
The mesh of the stationary domain and the rotating domain for the CFD simulations are constructed using the topological meshing technique. As shown in Figure 5 , the outer radius of the rotating domain is 0.6D and the inner radius is 0.4D. The interfaces between the inner and outer walls are Interface1 and Interface2, respectively. To obtain a higher calculation precision, the mesh of the rotating domain is encrypted. The mesh near the blades was given further encryption, which is depicted in Figure 6 . Due to the effect of the tip vortex on the pressure distribution on the blade surface in the spanwise direction [33] , the CFD simulations used the three-dimensional numerical model to increase the accuracy of the calculation, as shown in Figure 4 . The length, width and height of the threedimensional numerical model are L0 = 20.0D, W0 = 10.0D and H0 = 1.0D, respectively. The rotor center of the Sb-VAWT is located 5D away from the inlet surface. It is located at the center position of the three-dimensional numerical model in width and height. Since the CFD simulations are based on the sliding mesh technique, the computational domain is divided into a stationary domain and a rotating domain.
The mesh of the stationary domain and the rotating domain for the CFD simulations are constructed using the topological meshing technique. As shown in Figure 5 , the outer radius of the rotating domain is 0.6D and the inner radius is 0.4D. The interfaces between the inner and outer walls are Interface1 and Interface2, respectively. To obtain a higher calculation precision, the mesh of the rotating domain is encrypted. The mesh near the blades was given further encryption, which is depicted in Figure 6 . From Table 1 , the boundary condition of the inlet of numerical domain adopts the VELOCITY-INLET and the mainstream wind velocity is defined as 8.0 m/s. The boundary condition of the outlet of numerical domain employs the PRESSURE-OUTLET and the pressure value is 0 Pa. Other walls are set as non-sliding boundary condition as a default setting. Since the flow field of the Sb-VAWT has a Reynolds number that is greater than the critical Reynolds number, the turbulence model is used. The number of time steps of the CFD simulations is set as 540. According to Formula (6) and the angular velocity of the blade, the time step t can be expressed as:
In the wind tunnel experiments, the center surface (z = 0) along the blade span direction was considered to measure the pressure distribution by using the multiport pressure device during the one-cycle rotation of the rotor. The torque coefficient and power coefficient acting on the single blade are calculated by integrating the pressure distribution on the blade surface. The torque of the Sb- From Table 1 , the boundary condition of the inlet of numerical domain adopts the VELOCITY-INLET and the mainstream wind velocity is defined as 8.0 m/s. The boundary condition of the outlet of numerical domain employs the PRESSURE-OUTLET and the pressure value is 0 Pa. Other walls are set as non-sliding boundary condition as a default setting. Since the flow field of the Sb-VAWT has a Reynolds number that is greater than the critical Reynolds number, the turbulence model is used. The number of time steps of the CFD simulations is set as 540. According to Formula (6) and the angular velocity of the blade, the time step t can be expressed as: ω π 90 = t (8) In the wind tunnel experiments, the center surface (z = 0) along the blade span direction was considered to measure the pressure distribution by using the multiport pressure device during the one-cycle rotation of the rotor. The torque coefficient and power coefficient acting on the single blade are calculated by integrating the pressure distribution on the blade surface. The torque of the Sb- From Table 1 , the boundary condition of the inlet of numerical domain adopts the VELOCITY-INLET and the mainstream wind velocity is defined as 8.0 m/s. The boundary condition of the outlet of numerical domain employs the PRESSURE-OUTLET and the pressure value is 0 Pa. Other walls are set as non-sliding boundary condition as a default setting. Since the flow field of the Sb-VAWT has a Reynolds number that is greater than the critical Reynolds number, the turbulence model is used. The number of time steps of the CFD simulations is set as 540. According to Formula (6) and the angular velocity of the blade, the time step t can be expressed as:
In the wind tunnel experiments, the center surface (z = 0) along the blade span direction was considered to measure the pressure distribution by using the multiport pressure device during the one-cycle rotation of the rotor. The torque coefficient and power coefficient acting on the single blade Figure 8 illustrates the correction system for the high-speed multiport pressure device. More detailed experimental parameters have been introduced in the previous studies of Li et al. [10, 19, 24, 34, 35] . VAWT was measured by a torque meter, and then the utilization rate of wind energy (power coefficient) was investigated. The effect of the blade pitch angle on the aerodynamic characteristics of the Sb-VAWT could be verified scientifically via CFD simulations and wind tunnel experiments. Figure 7 shows the schematic diagram of the Sb-VAWT in wind tunnel experiments. The experiments were carried out in an open test section of circular type wind tunnel with an outlet diameter of 3.0 m and the maximum wind velocity was 40.0 m/s. The torque meter of TS-2700 was chosen to measure the torque coefficients of the rotor. The mainstream wind velocity was 8.0 m/s and the blade pitch angles were set at β = 4°, 6° and 8°, respectively. The size ratio between the actual wind turbine and the model of the wind turbine in CFD simulations was 1:1. Figure 8 illustrates the correction system for the high-speed multiport pressure device. More detailed experimental parameters have been introduced in the previous studies of Li et al. [10, 19, 24, 34, 35] . Figure 9 represents the distribution of pressure taps on the blade surface. As shown in this figure, the circle represents the pressure taps on the blade surface. The pressure taps at the leading edge of the blade were arranged with high density. The reason is that the pressure gradient of the leading edge of the blade was greater than that of the trailing edge of the blade. The distance between the pressure taps is si and the measured pressure value of each tap is Pi. The value of the static pressure point is P0. At each pressure tap, the angle between the direction of the pressure value and the blade chord is γi. The tangential force and the normal force for the blade are FT and FN, respectively. According to the pressure of each tap, FT and FN can be expressed as:
According to Equation (9), the tangential force FT can be calculated. And then, the torque of the single blade can be calculated from Equation (4). Furthermore, the power coefficient of the rotor can be obtained. VAWT was measured by a torque meter, and then the utilization rate of wind energy (power coefficient) was investigated. The effect of the blade pitch angle on the aerodynamic characteristics of the Sb-VAWT could be verified scientifically via CFD simulations and wind tunnel experiments. Figure 7 shows the schematic diagram of the Sb-VAWT in wind tunnel experiments. The experiments were carried out in an open test section of circular type wind tunnel with an outlet diameter of 3.0 m and the maximum wind velocity was 40.0 m/s. The torque meter of TS-2700 was chosen to measure the torque coefficients of the rotor. The mainstream wind velocity was 8.0 m/s and the blade pitch angles were set at β = 4°, 6° and 8°, respectively. The size ratio between the actual wind turbine and the model of the wind turbine in CFD simulations was 1:1. Figure 8 illustrates the correction system for the high-speed multiport pressure device. More detailed experimental parameters have been introduced in the previous studies of Li et al. [10, 19, 24, 34, 35] . Figure 9 represents the distribution of pressure taps on the blade surface. As shown in this figure, the circle represents the pressure taps on the blade surface. The pressure taps at the leading edge of the blade were arranged with high density. The reason is that the pressure gradient of the leading edge of the blade was greater than that of the trailing edge of the blade. The distance between the pressure taps is si and the measured pressure value of each tap is Pi. The value of the static pressure point is P0. At each pressure tap, the angle between the direction of the pressure value and the blade chord is γi. The tangential force and the normal force for the blade are FT and FN, respectively. According to the pressure of each tap, FT and FN can be expressed as:
According to Equation (9), the tangential force FT can be calculated. And then, the torque of the single blade can be calculated from Equation (4). Furthermore, the power coefficient of the rotor can be obtained. Figure 9 represents the distribution of pressure taps on the blade surface. As shown in this figure, the circle represents the pressure taps on the blade surface. The pressure taps at the leading edge of the blade were arranged with high density. The reason is that the pressure gradient of the leading edge of the blade was greater than that of the trailing edge of the blade. The distance between the pressure taps is s i and the measured pressure value of each tap is P i . The value of the static pressure point is P 0 . At each pressure tap, the angle between the direction of the pressure value and the blade chord is γ i . The tangential force and the normal force for the blade are F T and F N , respectively. According to the pressure of each tap, F T and F N can be expressed as: According to Equation (9) , the tangential force F T can be calculated. And then, the torque of the single blade can be calculated from Equation (4). Furthermore, the power coefficient of the rotor can be obtained. Figure 10 shows the result of monitor of the CFD simulation at the blade pitch angle of β = 6°. The monitored data is the torque of the rotor. The horizontal axis and vertical axis represent the flow time and the rotor torque, respectively. When the time is 0 < t0 < 0.3, the curve fluctuates irregularly. This phenomenon shows the computation of the CFD simulation is not convergent. When the flow time is t > 0.3, the computation of the CFD simulation is convergent. When the time is t > 0.8, the curve fluctuation becomes stabilized.
Results
As shown in Figure 11 , the torque coefficients acting on the single blade computed by CFD simulations are compared with those measured by high-speed multiport pressure device in wind tunnel experiments. As shown in the figure, the fluctuation of torque coefficient acting on the single blade computed by CFD simulations is in a good agreement with the curve of the experimental measurements when the azimuth angles are 60 300 θ°< <°. However, the curve measured by experiment measurements is slightly smaller than that calculated by the CFD simulation at the azimuth angles of 0 6 0 θ°< <° and 300 360 θ°< <°. The reason for this phenomenon is that the rotation direction of the rotor is clockwise, which results in the tip vortex generated by the blade in the upstream region and has an important effect on the aerodynamic characteristics of the blade at the azimuth angles of 0 6 0 θ°< <° and 300 360 θ°< <°. Nevertheless, the two curves still have a good agreement. This is similar to the observation by Yang et al. [36] . Figure 10 shows the result of monitor of the CFD simulation at the blade pitch angle of β = 6 • . The monitored data is the torque of the rotor. The horizontal axis and vertical axis represent the flow time and the rotor torque, respectively. When the time is 0 < t 0 < 0.3, the curve fluctuates irregularly. This phenomenon shows the computation of the CFD simulation is not convergent. When the flow time is t > 0.3, the computation of the CFD simulation is convergent. When the time is t > 0.8, the curve fluctuation becomes stabilized.
As shown in Figure 11 , the torque coefficients acting on the single blade computed by CFD simulations are compared with those measured by high-speed multiport pressure device in wind tunnel experiments. As shown in the figure, the fluctuation of torque coefficient acting on the single blade computed by CFD simulations is in a good agreement with the curve of the experimental measurements when the azimuth angles are 60 • < θ < 300 • . However, the curve measured by experiment measurements is slightly smaller than that calculated by the CFD simulation at the azimuth angles of 0 • < θ < 60 • and 300 • < θ < 360 • . The reason for this phenomenon is that the rotation direction of the rotor is clockwise, which results in the tip vortex generated by the blade in the upstream region and has an important effect on the aerodynamic characteristics of the blade at the azimuth angles of 0 • < θ < 60 • and 300 • < θ < 360 • . Nevertheless, the two curves still have a good agreement. This is similar to the observation by Yang et al. [36] . Figure 10 shows the result of monitor of the CFD simulation at the blade pitch angle of β = 6°. The monitored data is the torque of the rotor. The horizontal axis and vertical axis represent the flow time and the rotor torque, respectively. When the time is 0 < t0 < 0.3, the curve fluctuates irregularly. This phenomenon shows the computation of the CFD simulation is not convergent. When the flow time is t > 0.3, the computation of the CFD simulation is convergent. When the time is t > 0.8, the curve fluctuation becomes stabilized.
As shown in Figure 11 , the torque coefficients acting on the single blade computed by CFD simulations are compared with those measured by high-speed multiport pressure device in wind tunnel experiments. As shown in the figure, the fluctuation of torque coefficient acting on the single blade computed by CFD simulations is in a good agreement with the curve of the experimental measurements when the azimuth angles are 60 300 θ°< <°. However, the curve measured by experiment measurements is slightly smaller than that calculated by the CFD simulation at the azimuth angles of 0 6 0 θ°< <° and 300 360 θ°< <°. The reason for this phenomenon is that the rotation direction of the rotor is clockwise, which results in the tip vortex generated by the blade in the upstream region and has an important effect on the aerodynamic characteristics of the blade at the azimuth angles of 0 6 0 θ°< <° and 300 360 θ°< <°. Nevertheless, the two curves still have a good agreement. This is similar to the observation by Yang et al. [36] . 
Discussion
Pressure Distribution on Single Blade Surface
This section discusses the effect of the blade pitch angle on the pressure distribution on the single blade surface at the azimuth angles of 0° ≤ θ ≤ 360°. The results are obtained by CFD simulations at the blade pitch angles of β = 4°, 6°, and 8°. In this study, the interval of 0° ≤ θ < 180° is defined as the upstream region and the interval of 180° ≤ θ < 360° is defined as the downstream region. Figure 12 illustrates the fluctuations of pressure distribution at different blade pitch angles from the CFD simulations. From this figure, it is seen that the maximum value of pressure difference on the blade surface is reached at the azimuth angle of θ = 90°. Thus, it can be inferred that the maximum aerodynamic characteristics of the blade should be generated in the upstream region. The minimum value of the pressure difference on the blade surface appears at the azimuth angle of θ = 180°. Similar results were also mentioned by Li et al. [24] in 2016. The main reason is that the direction of the tangential velocity V of the blade is the same as that of the mainstream wind velocity U0, which results in the resultant flow velocity to blade W reaching the minimum value. Figure 12 illustrates the fluctuations of pressure distribution at different blade pitch angles from the CFD simulations. From this figure, it is seen that the maximum value of pressure difference on the blade surface is reached at the azimuth angle of θ = 90 • . Thus, it can be inferred that the maximum aerodynamic characteristics of the blade should be generated in the upstream region. The minimum value of the pressure difference on the blade surface appears at the azimuth angle of θ = 180 • . Similar results were also mentioned by Li et al. [24] in 2016. The main reason is that the direction of the tangential velocity V of the blade is the same as that of the mainstream wind velocity U 0 , which results in the resultant flow velocity to blade W reaching the minimum value. Compared with the azimuth angle of θ = 90 • , the pressure difference on the blade surface is smaller at the azimuth angle of θ = 270 • , which is mainly affected by the angle of attack and the loss of wind energy in the downstream region. The pressure difference on the blade surface at the azimuth angle of θ = 0 • is greater than at the azimuth angle of θ = 180 • . The reason is that the direction of tangential velocity V of the blade is opposite to that of the mainstream wind velocity when the azimuth angle is θ = 0 • , which results in the resultant flow velocity to blade at the azimuth angle of θ = 0 • being greater than that at the azimuth angle of θ = 180 • . This result also has a good agreement with the studies of Li et al. [33] . As can be seen from Figure 12 , the maximum value of the pressure difference on the blade surface appears near the leading edge of the blade and the pressure difference near the trailing edge on the blade surface is closed to zero. Therefore, it can be concluded that the power coefficient of the Sb-VAWT is mainly dependent on the leading edge of the blade.
As shown in Table 2 • and 300 • , respectively. Therefore, in the upstream region, the maximum pressure difference on the blade surface is mainly obtained at the blade pitch angle of β = 6 • , and in the downstream region, the pressure difference on the blade surface is mainly obtained at the blade pitch angle of β = 8 • . According to reference [24] , the power coefficient of the Sb-VAWT is mainly obtained in the upstream region. To sum up, the analysis on the pressure distribution on the blade surface shows that the optimal blade pitch angle is β = 6 • for the Sb-VAWT when the number of blade is two. 
Regions
Azimuth Angle Comparison of Pressure Difference on the Blade Surface
Upstream region
Torque Coefficient for Single Blade
In this section, CFD simulations are used to analyze the torque coefficients acting on the single blade when the blade pitch angles are β = 4 • , 6 • , and 8 • , respectively. Then, the torque coefficients obtained by the CFD simulations and the wind tunnel experiments are compared at the blade pitch angle of β = 6 • . The torque coefficients acting on the single blade are calculated by Equation (5) . The tangential force F T in Equation (5) is obtained by the pressure value acting on the blade surface. As shown in Figure 13 
In this section, CFD simulations are used to analyze the torque coefficients acting on the single blade when the blade pitch angles are β = 4°, 6°, and 8°, respectively. Then, the torque coefficients obtained by the CFD simulations and the wind tunnel experiments are compared at the blade pitch angle of β = 6°. The torque coefficients acting on the single blade are calculated by Equation (5) . The tangential force FT in Equation (5) is obtained by the pressure value acting on the blade surface. As shown in Figure 13 , the three curves have a little difference in the upstream region, while the difference in the downstream region is even fewer. When the azimuth angles are around θ = 30° and 180°, the curves present two wave troughs and the values of which are both negative. When the azimuth angle is around θ = 100°, the torque coefficient acting on the single blade achieves the maximum value at the blade pitch angle of β = 6° and the minimum value at the blade pitch angle of β = 8°. When the azimuth angle is around θ = 260°, the blade has the maximum torque coefficient at the blade pitch angle of β = 8° and the minimum torque coefficient at the blade pitch angle of β = 6°, which are consistent with the results of the pressure distribution on the blade surface. The torque coefficients acting on the single blade at the blade pitch angles of β = 4°, 6°, and 8° reach the maximum values at the upstream region of around θ = 100° and reach the minimum values in the downstream region of around θ = 200°. 
Power Coefficient for the Wind Turbine
Sb-VAWT is an energy conversion device, for which the power coefficient is the core of all design parameters. This section discusses the influence of the blade pitch angle on the power coefficient based on the torque meter measurements and the CFD simulations. In this paper, because both wind tunnel experiments and CFD simulations only involve the energy conversion of the rotor, the power coefficient is estimated purely on the basis of aerodynamics. However, since the power coefficients measured by the torque meter in wind tunnel experiments do not exclude energy loss resulting from the mechanical structure, the results are smaller than those calculated by CFD simulations. The power coefficients obtained by CFD simulations are calculated by Equation (7), in which the torque is obtained from the previous Section 4.2.
As shown in Figure 14 , the power coefficients calculated by CFD simulations can agree well with those measured by the wind tunnel experiments at low tip speed ratio (λ < 1.50), whereas the power coefficients calculated by CFD simulations are significantly different from those measured by the experimental data at high tip speed ratio. The reason is that the model of the CFD simulation ignores the support of the blade and the difference increases with the increase of the tip speed ratio. The power coefficient increases with the increase of tip speed ratio. When tip speed ratio reaches λ = 2.19, the power coefficient reaches the maximum value. With the tip speed ratio continuing to increase, the power coefficient decreases rapidly. This result also has a good agreement with the studies of Lei et al. [37] and Li et al. [38] in 2016. This indicates that when the blade pitch angles are β = 4 • , 6 • and 8 • , the optimal tip speed ratio is 2.19. When the tip speed ratio is 1.38, the power coefficient has the highest value at the pitch angle of β = 4 • . Meanwhile, the maximum power coefficient is obtained at the pitch angle of β = 6 • when the tip speed ratios are 2.19 and 2.58. In summary, the power coefficient can get an optimal value at the pitch angle of β = 6 • in the both CFD simulations and the wind tunnel experiments. Therefore, the optimal blade pitch angle is β = 6 • for the Sb-VAWT when the number of blade is two. 
As shown in Figure 14 , the power coefficients calculated by CFD simulations can agree well with those measured by the wind tunnel experiments at low tip speed ratio (λ < 1.50), whereas the power coefficients calculated by CFD simulations are significantly different from those measured by the experimental data at high tip speed ratio. The reason is that the model of the CFD simulation ignores the support of the blade and the difference increases with the increase of the tip speed ratio. The power coefficient increases with the increase of tip speed ratio. When tip speed ratio reaches λ = 2.19, the power coefficient reaches the maximum value. With the tip speed ratio continuing to increase, the power coefficient decreases rapidly. This result also has a good agreement with the studies of Lei et al. [37] and Li et al. [38] in 2016. This indicates that when the blade pitch angles are β = 4°, 6° and 8°, the optimal tip speed ratio is 2.19. When the tip speed ratio is 1.38, the power coefficient has the highest value at the pitch angle of β = 4°. Meanwhile, the maximum power coefficient is obtained at the pitch angle of β = 6° when the tip speed ratios are 2.19 and 2.58. In summary, the power coefficient can get an optimal value at the pitch angle of β = 6° in the both CFD simulations and the wind tunnel experiments. Therefore, the optimal blade pitch angle is β = 6° for the Sb-VAWT when the number of blade is two. 
Conclusions
In this study, the effect of blade pitch angle on the aerodynamic characteristics of the Sb-VAWT was investigated via wind tunnel experiments and CFD simulations, and then the optimal blade pitch angle was identified. The conclusions can be summarized as follows:
(1) Blade pitch angle effect on pressure distribution acting on single blade surface. When the azimuth angle is in the upstream region, the pressure difference acting on the blade surface reaches maximum at the blade pitch angle of β = 6°. When the azimuth angle is in the downstream region, the pressure difference acting on the blade surface reaches maximum at the blade pitch angle of β = 8°. 
(1) Blade pitch angle effect on pressure distribution acting on single blade surface. When the azimuth angle is in the upstream region, the pressure difference acting on the blade surface reaches maximum at the blade pitch angle of β = 6 • . When the azimuth angle is in the downstream region, the pressure difference acting on the blade surface reaches maximum at the blade pitch angle of β = 8 • . (2) Blade pitch angle effect on torque coefficient acting on single blade. When the azimuth angle is around θ = 100 • , the torque coefficient acting on single blade reaches maximum at the pitch angle of β = 6 • . When the azimuth angle is around θ = 260 • , the maximum torque coefficient is obtained at the blade pitch angle of β = 8 • . 
